Introduction
============

Hepatocellular carcinoma (HCC) is the fifth most common cancer and the second leading cause of cancer-related deaths worldwide.^([@B1])^ The most common problem associated with HCC is the high risk of intrahepatic recurrence despite radical treatment. HCC has an annual recurrence rate of approximately 15--20%, with the 5-year recurrence rate reaching 80--90%.^([@B2])^ For HCC patients with hepatitis B virus or hepatitis C virus, antiviral therapies such as nucleoside analogs and interferon after curative treatment of HCC have potential to reduce HCC recurrence.^([@B3],[@B4])^

In recent years, the HCC type categorized as negative for hepatitis B surface antigen and antibody to hepatitis C virus (NBNC-HCC) has gradually been increasing in Japan.^([@B5])^ As antiviral therapies are not indicated for NBNC-HCC patients, other therapies are required for chemoprevention of HCC recurrence. The multikinase inhibitor sorafenib may prevent HCC recurrence.^([@B2],[@B6])^ However, sorafenib has limitations because it is generally used to treat patients with preserved liver function (Child-Pugh A) and has several adverse effects, such as hand-foot skin syndrome (HFS).

Iron is essential for cellular metabolism, including DNA synthesis.^([@B7])^ It is also required for the proliferation of cancer cells before initiation of DNA synthesis.^([@B8])^ Iron chelators, which are commonly used for treating iron overload disease, have shown antiproliferative effects in both *in vitro* and *in vivo* studies of HCC.^([@B9],[@B10])^ We performed a pilot study of deferoxamine (DFO) therapy in advanced HCC patients for the first time, and reported the efficacy of this iron chelator.^([@B11])^ We have also reported that DFO can prevent both liver fibrosis and development of preneoplastic lesions in rats.^([@B12]--[@B14])^ However, DFO cannot be administered orally, thus limiting its clinical application.

Recently, deferasirox (DFX), a newly developed oral iron chelator, was shown to have a powerful antiproliferative effect in human hepatoma cell culture.^([@B15])^ However, there have been few *in vivo* studies of DFX on hepatocarcinogenesis.^([@B16])^ We conducted an *in vivo* study to assess whether DFX can prevent liver fibrosis and hepatocarcinogenesis as well as DFO can. In addition, we compared the effects of the combination of DFX and sorafenib with those of sorafenib alone.

Material and Methods
====================

Animals
-------

Animal care was performed in accordance with the animal ethics requirements at Yamaguchi University School of Medicine, and the experimental protocol was approved (approval ID 10-074). Six-week-old male Wister rats (140--160 g) were purchased from Nippon SLC (Shizuoka, Japan) and housed in a room under controlled temperature (25°C) and lighting (12-h light, 12-h dark) at the Animal Experiment Facility of Yamaguchi University School of Medicine. The rats were fed a choline-deficient l-amino acid-defined (CDAA) diet in powdered form (Dyets Inc.; Bethlehem, PA; product numbers 518753 and 518754).

Experimental protocol
---------------------

The total study periods were either 16 or 20 weeks except for the study of survival. The rats were divided into four groups (*n* = 10 per group): CDAA diet only (control group), CDAA diet with DFX (DFX group), CDAA diet with sorafenib (sorafenib group), and CDAA diet with DFX and sorafenib (DFX + sorafenib group). DFX at 20 mg/kg per day and/or sorafenib at 16 mg/kg per day were administered orally for 16 or 20 weeks from commencement of the CDAA diet. To equalize the total food intakes in all groups, additional food was not supplied until all food had been consumed. Food intakes were measured in each group.

Serum marker measurement
------------------------

Serum samples were obtained from the abdominal aorta as the rats were killed. In all experiments, serum total protein, total bilirubin, albumin, alanine aminotransferase, and aspartate aminotransferase (AST) were measured using an analyzer for clinical chemistry (SPOTCHEM EZ SP-4430; Arkray, Kyoto, Japan).

Histology and immunohistochemical examination
---------------------------------------------

Sections (3 mm thick) of the right lobe of whole rat liver were fixed in 4% paraformaldehyde (Muto; Tokyo, Japan) for 24 h and embedded in paraffin. The sections were processed for Sirius Red staining, and α-smooth muscle actin (α-SMA) (for the detection of activated stellate cells), and lesions for glutathione S-transferase placental form (GST-P) (as preneoplastic lesions) were assessed immunohistochemically using the avidin--biotin--peroxidase complex method, as described previously.^([@B17])^

Briefly, 3-µm-thick tissue sections were deparaffinized in xylene and rehydrated serially with alcohol and water. Endogenous peroxidase was blocked with fresh 0.3% hydrogen peroxide in methanol for 30 min at room temperature, followed by microwave antigen retrieval for 6 min at 95°C in 10 mM sodium citrate buffer (pH 6.0). Normal goat serum (Vector Laboratories; Burlingame, CA) was applied for 20 min and removed. Sections were incubated with rabbit anti-GST-P monoclonal antibody (Code No. 311 Medical & Biological Laboratories; Nagoya, Japan) and rabbit anti-α-SMA (ab5694; Abcam; Cambridge, MA) polyclonal antibody at a dilution of 1:200 overnight at 4°C in a moist chamber. After being washed three times in phosphate-buffered saline (PBS), sections were incubated with biotinylated secondary antibody for 1 h at room temperature. Bound antibody was detected using the avidin--biotin complex immunoperoxidase method (Vector Laboratories).

Sirius Red staining-positive, α-SMA-positive, and GST-P-positive areas in the liver were quantified using a Keyence BIOREVO BZ9000 microscope (Osaka, Japan) and Provis microscope (Olympus; Tokyo, Japan) equipped with a charge-coupled device (CCD) camera. We used computer-assisted image analysis with MetaMorph software (Universal Imaging Corporation; Downingtown, PA). The Sirius Red staining-positive area and α-SMA-positive area were expressed as the percentage of the total area of the specimen. The size and numbers of GST-P-positive lesions were counted in each specimen using a Keyence BIOREVO BZ9000 microscope.

Real-time quantitative polymerase chain reaction (PCR)
------------------------------------------------------

Expression of type I procollagen, tumor growth factor beta1 (TGF-β1), α-SMA, tissue inhibitor of metalloproteinase 1 (TIMP-1), tissue inhibitor of metalloproteinase-2 (TIMP-2), and tumor necrosis factor alpha (TNFα) mRNA was evaluated by real-time PCR as described previously.^([@B17])^ Briefly, RNA extraction was performed according to a protocol using an RNeasy Mini kit (Qiagen GmbH; Hilden, Germany). The primers used were as follows: Rat type 1 procollagen primers: sense (5\'-AGCGGTGAAGAAGGAAAGAGAGG-3\'), antisense (5\'-CAATAGGACCAGAAGGACCAGCA-3\'); Rat TIMP-1 primers: sense (5\'-ACAGGTTTCCGGTTCGCCTAC-3\'), antisense (5\'-CTGCAGGCAGTGATGTGCAA-3\'); Rat TIMP-2 primers: sense (5\'-GACACGCTTAGCTCACCCAGA-3\'), antisense (5\'-CTGTGACCCAGTCCATCCAGAG-3\'); Rat TNF-α primers: sense (5\'-TCCGTCCCTCTCATACACTGG-3\'), antisense (5\'-GAGCCCATTTGGGAACTTCT-3\'); Rat TGF-β1 primers: sense (5\'-TGCGCCTGCAGAGATTCAAG-3\'), antisense (5\'-AGGTAACGCCAGGAATTGTTGCT-3\'); Rat GAP-DH primers: sense (5\'-GGCAAGTTCAACGGCACAGTC-3\'), antisense (5\'-AGCACCAGCATCACCCCATTT-3\').

8-Hydroxy-2-deoxyguanosine (8-OHdG) enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------------------------------------------

A DNA extractor TIS kit (Wako, Saitama, Japan), which is able to inhibit the oxidation of DNA, was used to extract DNA from 200 mg deep-frozen rat liver per sample. The 8-OHdG assay was prepared to reduce the variation of the enzyme reaction by using each reagent in the sample DNA and this assay was used stable results for the marker of oxidative stress. The 8-OHdG levels in the liver were analyzed by the 8-OHdG ELISA assay kit (Japan Institute for the Control of Aging; Shizuoka, Japan).

Adverse events and survival
---------------------------

We analyzed adverse events and survival in four groups: control group, DFX group, sorafenib group, and DFX + sorafenib group (*n* = 16 per group). The rats were fed a CDAA diet and the same dose of DFX and/or sorafenib was administered over approximately 1 year from commencement of the CDAA diet. Sorafenib has several adverse effects, with HFS being the most common. We defined skin damage including eruption, dryness, and hair loss as HFS in rats.^([@B18])^ We analyzed adverse effects such as changes in body and liver weight, and HFS in each treatment group at 16 weeks after commencement of the CDAA diet. We used the Kaplan--Meier estimator of survival, and verified the survival function against lifetime data.

Statistical analysis
--------------------

Statistical significance was determined using the Student's *t* test or analysis of variance (ANOVA) for biochemical and histological results, and the log-rank test for the survival analysis. Results are expressed as the mean ± SD, and differences with *p*\<0.05 were considered significant.

Results
=======

Histological and immunohistochemical analysis of liver fibrosis
---------------------------------------------------------------

After 16 weeks, the histological and immunohistochemical examination of the liver showed the presence of liver fibrosis in all groups (Fig. [1](#F1){ref-type="fig"}a--d and [2](#F2){ref-type="fig"}a--d). Liver fibrosis was measured by estimating extracellular matrix deposition with Sirius Red staining. In the three groups administered DFX and/or sorafenib, the positive area of Sirius Red staining was significantly lower compared with the control group (Fig. [1](#F1){ref-type="fig"}a--e, *p*\<0.01; each group vs control group). The combination therapy of DFX + sorafenib more strongly inhibited liver fibrosis compared with the other groups (Fig. [1](#F1){ref-type="fig"}e). The α-SMA stain showed marked proliferation of active stellate cells in the livers of rats fed a CDAA diet (Fig. [2](#F2){ref-type="fig"}a--d). The three treatment groups showed significantly decreased α-SMA-positive areas compared with the control group (Fig. [2](#F2){ref-type="fig"}a--e, *p*\<0.01; each group vs control group), and the combination therapy most strongly inhibited activated stellate cells. In the histological and immunohistochemical analysis of fibrosis at 20 weeks after commencement of the CDAA diet, similar findings were obtained (data not shown).

Serum biochemical markers of liver function. Table [1](#T1){ref-type="table"} shows the levels of serum biochemical markers of liver function after 16 weeks. The DFX group and the DFX + sorafenib group had significantly higher levels of serum total protein and albumin than the control group (*p*\<0.01, each group vs control group). In addition, the DFX + sorafenib group had significantly lower serum AST levels than the control group (*p*\<0.05). These results indicate that DFX improved liver function in rats fed CDAA despite the administration of sorafenib.

Gene expression effect of liver fibrosis
----------------------------------------

We analyzed the mRNA expression of type I procollagen, TGF-β1, TIMP-1, TIMP-2, and TNF-α in the liver after 16 and 20 weeks. Type I procollagen, TGF-β1, and TIMP-1 mRNA expression levels were significantly lower in groups treated with DFX and/or sorafenib compared with the control group at both time points (Fig. [3](#F3){ref-type="fig"}a--c). TIMP-2 mRNA expression was significantly lower compared with the control group at 20 weeks (Fig. [3](#F3){ref-type="fig"}d). Compared with the individual treatments, the combination therapy of DFX + sorafenib showed a more potent inhibitory effect on the expression of type I procollagen, TGF-β1, TIMP-1, and TIMP-2 mRNA, but the difference was not significant.

TNF-α mRNA expression was not significantly lower in the sorafenib group. DFX inhibited TNF-α mRNA expression compared with the control group (*p*\<0.05) (Fig. [3](#F3){ref-type="fig"}e). There was a significant difference between the sorafenib group and the DFX + sorafenib group; DFX + sorafenib significantly inhibited TNF-α mRNA expression compared with the control group and the sorafenib group (*p*\<0.01) (Fig. [3](#F3){ref-type="fig"}e).

Expression of preneoplastic liver lesions and oxidative stress
--------------------------------------------------------------

Preneoplastic liver lesions were caused by the CDAA diet. Upon immunohistological staining, GST-P-positive areas (markers for preneoplastic lesions in rats) were scattered in the control group but were significantly less common in the DFX, sorafenib, and DFX + sorafenib groups at 16 weeks after commencement of the CDAA diet. The total focal area (*p*\<0.01) and the number of foci (*p*\<0.01) were significantly lower compared with the control group (Fig. [4](#F4){ref-type="fig"}a and b). In particular, the combination therapy exerted a stronger inhibitory effect compared with a single agent. In the quantitative analysis of 8-OHdG, which is one of the most abundant products of DNA oxidation, the result of 8-OHdG was similar to the result of the preneoplastic lesions; the combination therapy of DFX + sorafenib exerted a stronger inhibitory effect than either single agent (Fig. [4](#F4){ref-type="fig"}c). In the expression of preneoplastic liver lesions and oxidative stress at 20 weeks after commencement of the CDAA diet, similar findings were obtained (data not shown).

Adverse effects of each treatment
---------------------------------

The body weight (Fig. [5](#F5){ref-type="fig"}a) and liver weight (Fig. [5](#F5){ref-type="fig"}b) in the sorafenib group were significantly lower compared with the control group (*p*\<0.01). However, there were no significant differences in both weights between the DFX group and the control group. Interestingly, the body weight and liver weight of rats that received the combination therapy of DFX + sorafenib were higher; there were no significant differences between the DFX + sorafenib group and the control group. The rats treated with sorafenib also showed severe HFS, but the rats treated with DFX + sorafenib were normal. There was no HFS in the control group and DFX groups. The incidence of HFS was 12/14 in the sorafenib group, but was only 2/16 in the DFX + sorafenib group (Fig. [5](#F5){ref-type="fig"}c).

Survival time in the sorafenib group was significantly shorter than that in the control group (*p*\<0.01), but the combination therapy of DFX + sorafenib significantly improved survival (*p*\<0.01) (Fig. [5](#F5){ref-type="fig"}d).

Discussion
==========

Hepatic iron accumulation is a frequent cause of liver damage and has been associated with the risk of developing HCC,^([@B19],[@B20])^ particularly in patients with chronic hepatitis C.^([@B21])^ During iron overload, divalent iron reacts with hydrogen peroxide to generate hydroxyl radicals, the most toxic reactive oxygen species (ROS), which produce liver damage and hepatocarcinogenesis.^([@B22])^ It has been reported that hepatic iron overload increases the risk of HCC development in transgenic mice expressing the hepatitis C polyprotein.^([@B23])^ In a clinical study, the rate of HCC was significantly lower in patients with chronic hepatitis C who were treated with phlebotomy.^([@B24])^ Therefore, iron regulation may have an important effect in HCC therapy. Iron chelators are commonly used for treating patients with iron overload disease. Although iron chelators are not classified as anticancer drugs, they nonetheless exert antiproliferative effects in several cancers, including HCC.^([@B9],[@B10],[@B25],[@B26])^

The multikinase inhibitor, sorafenib is recommended as the current standard care for patients with advanced HCC.^([@B27])^ One expected effect of sorafenib is chemoprevention of HCC recurrence, and a clinical trial is now ongoing (STOM trial).^([@B5],[@B6])^ However, there are limitations to the use of sorafenib because of adverse effects, including effects on liver function. Therefore, other alternative therapies are required for chemoprevention of HCC recurrence.

Given this background, in the present study, we aimed to evaluate the effects of DFX, a new oral iron chelator, on hepatocarcinogenesis and liver fibrosis. In addition, we investigated the influence of administering DFX on the effects of sorafenib.

We used a CDAA-fed rat model in our *in vivo* study. The CDAA diet causes ROS-related hepatocyte damage leading to hepatic fibrosis, and then results in the production of preneoplastic lesions.^([@B12])^ We previously reported that DFO prevents the expression of activated hepatic stellate cells,^([@B14])^ reducing liver fibrosis as well as reducing the development of preneoplastic lesions in the same CDAA-fed rat model.^([@B12])^ In the present study, we showed that DFX inhibited liver fibrosis concurrently with down-regulation of collagen I, TGF-β1, TIMP-1, and TIMP-2 mRNA levels and a reduction of α-SMA-positive activated hepatic stellate cells in the liver. In addition, DFX prevented preneoplastic lesions with a reduction in 8-OHdG, an indicator of ROS-mediated DNA damage. Therefore, DFX, like DFO, may have therapeutic potential in the treatment of liver fibrosis and hepatocarcinogenesis.

On the other hand, previous studies reported that sorafenib reduces the number of hepatic stellate cells and improves liver fibrosis.^([@B28]--[@B30])^ We demonstrated the same result in the CDAA-fed rat model using sorafenib. Sorafenib inhibited liver fibrosis and strong hepatocarcinogenesis through the suppression of hepatic stellate cells and ROS. However, sorafenib treatment induced significantly more adverse effects such as weight loss and HFS compared with the control and the DFX groups (Fig. [5](#F5){ref-type="fig"}). In addition, the sorafenib group had the lowest liver weights among the four groups. Furthermore, survival time for the sorafenib group was shorter than that of the control group (Fig. [5](#F5){ref-type="fig"}).

We also investigated the influence of administering DFX on the effects of sorafenib. The combination of DFX and sorafenib markedly prevented liver fibrosis and development of preneoplastic lesions with a synergistic effect. It is striking that the combination therapy produced significantly fewer adverse effects compared with the treatment of sorafenib alone (Fig. [5](#F5){ref-type="fig"}). To our knowledge, this is the first report to demonstrate reduced adverse effects with this combination therapy. Importantly, HFS is the most frequent adverse effect related to sorafenib in Asia,^([@B31])^ and it is important to control these reactions to avoid dose reduction or treatment discontinuation. However, the pathogenesis of HFS is uncertain. It has been reported that single-nucleotide polymorphisms (SNPs) of TNF-α, vascular endothelial growth factor (VEGF), and uridine diphosphate glucuronosyltransferase 1A9 (UGT1A9) were associated with developing high-grade HFS.^([@B31])^ In addition, high-grade HFS develops more frequently in patients with high serum TNF-α levels after sorafenib therapy.^([@B32])^ On the other hand, it has been reported that DFO reduces serum TNF-α levels in a murine model of sepsis.^([@B33])^ In our study, we showed that the DFX + sorafenib group had significantly lower TNF-α mRNA levels compared with the control group (Fig. [3](#F3){ref-type="fig"}e). Thus, we consider that the combination of DFX + sorafenib may prevent HFS via down-regulation of TNF-α. Some previous studies have described TNF-α as a double-edged sword that can be either pro- or anti-tumorigenic.^([@B34])^ In this study, the combination of DFX + sorafenib markedly prevented preneoplastic lesions. In addition, it has been reported that either DFX or sorafenib suppresses VEGF-mediated neovascularization in the CDAA rat model.^([@B16],[@B35])^ However, further studies are needed to elucidate the exact mechanism of this phenomenon.

We demonstrated that the combination of DFX and sorafenib markedly inhibited liver fibrosis and hepatocarcinogenesis in CDAA-fed rats. This combination therapy significantly reduced the adverse effects of sorafenib therapy. As sorafenib and DFX are already clinically used in advanced HCC and in patients with iron overload disease, respectively, this combination therapy may provide a new chemopreventive strategy against HCC recurrence after curative treatment of HCC in the near future.
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![Histological analysis of liver fibrosis. Paraffin-embedded liver sections from rats with Sirius Red staining (original magnification 40×). Choline-deficient [l]{.smallcaps}-amino acid (CDAA)-only treatment rat group (a), CDAA + 20 mg/kg deferasirox per day treatment rat group (b), CDAA + 16 mg/kg sorafenib per day treatment rat group (c), CDAA + 20 mg/kg deferasirox + 16 mg/kg sorafenib per day treatment rat group (d). Image analysis of Sirius Red-positive areas (e). Data are shown as means ± SD. **\****p*\<0.01 vs CDAA-only group.](jcbn15-127f01){#F1}

![Immunohistochemistry of alpha-smooth muscle actin (α-SMA) expression in liver fibrosis. Paraffin-embedded liver sections were immunostaining for α-SMA (original magnification 40×). Choline-deficient [l]{.smallcaps}-amino acid (CDAA)-only treatment rat group (a), CDAA + 20 mg/kg deferasirox per day treatment rat group (b), CDAA + 16 mg/kg sorafenib per day treatment rat group (c), CDAA + 20 mg/kg deferasirox + 16 mg/kg sorafenib per day treatment rat group (d). Image analysis of α-SMA-positive areas (e). Data are shown as means ± SD. **\****p*\<0.01 vs CDAA-only group.](jcbn15-127f02){#F2}

![Real-time quantitative PCR analysis of type I procollagen (a), tumor growth factor beta (TGF-β1) (b), tissue inhibitor of metalloproteinase 1 (TIMP-1), (c) TIMP-2 (d), and tumor necrosis factor alpha (TNF-α) (e) in the liver. Data are means ± SD. **\****p*\<0.05 vs choline-deficient [l]{.smallcaps}-amino acid (CDAA)-only group. **\*\****p*\<0.01 vs CDAA-only group.](jcbn15-127f03){#F3}

![Glutathione *S*-transferase placental form (GST-P)-positive nodules in livers from rats in the four treatment groups after 16 weeks. (a, b) Image analysis of GST-P-positive areas (a) and numbers (b). Columns represent number per square centimeter of GST-P-positive nodules. (c) Average 8-hydroxy-2\'-deoxyguanosine (8OHdG) content (nanograms) in DNA isolated from the liver. Data are shown as means ± SD. **\****p*\<0.01 vs choline-deficient [l]{.smallcaps}-amino acid (CDAA)-only group.](jcbn15-127f04){#F4}

![Analysis of average weight of rats from each treatment group (a) and liver weight of rats from each treatment group (b). Data are shown as means ± SD. **\****p*\<0.01 vs choline-deficient [l]{.smallcaps}-amino acid (CDAA)-only group. The analysis of the ratio of hand-foot skin syndrome (HFS) in rats from the four treatment groups (c). ^\#^*p*\<0.01 vs CDAA + sorafenib treatment group. The Kaplan--Meier survival curves for the four groups (d).](jcbn15-127f05){#F5}

###### 

Comparison of serum data in the four groups at 16 weeks

                                      T protein (g/dl)   Albumin (g/dl)   T-bil (mg/dl)   AST (IU/L)       ALT (IU/L)
  ----------------------------------- ------------------ ---------------- --------------- ---------------- --------------
  CDAA^a^                             4.7 ± 0.02         2.6 ± 0.4        1.4 ± 0.2       546.0 ± 88.0     376.2 ± 18.2
  CDAA + Sorafenib^b^                 5.6 ± 0.1          3.4 ± 0.2\*\*    0.8 ± 0.4       480.2 ± 30.4     300.2 ± 50.8
  CDAA + Deferasilox^c^               5.9 ± 0.2\*\*      3.9 ± 0.1\*\*    0.9 ± 0.1       381.0 ± 56.0     315.1 ± 19.1
  CDAA + Sorafenib + Deferasilox^d^   6.1 ± 0.2\*\*      4.0 ± 0.3\*\*    0.5 ± 0.3\*\*   360.4 ± 15.2\*   304.1 ± 35.2

^a^CDAA-only treatment rat group; ^b^CDAA + 20 mg/kg deferasirox per day treatment group; ^c^CDAA + 16 mg/kg sorafenib per day treatment rat group; ^d^CDAA + 20 mg/kg deferasirox + 16 mg/kg sorafenib per day treatment rat group. Abbreviations: CDAA, choline-deficient [l]{.smallcaps}-amino acid-defined; T protein, total protein; T-bil, total bilirubin; AST, aspartate aminotransferase; ALT, alanine aminotransferase. Data are means ± SD. **\****p*\<0.05 vs CDAA only. **\*\****p*\<0.01 vs CDAA only.

[^1]: Equally contributed first author.
